S. The mineralized collagen for the reconstruction of intra-articular calcaneal fractures with trabecular defects.
Introduction
Displaced intra-articular fractures of the calcaneus remain a therapeutic dilemma for most surgeons. The current trend point for the treatment of intra-articular calcaneal fractures is open reduction and internal fixation (ORIF), but the most appropriate management still remains in dispute. [1] [2] [3] [4] From the view of the biomechanical, the posterior facet is an important part of the calcaneal arc, a large cancellous defect in this area requires bone graft to provide a mechanical buttress and to avoid secondary loss of reduction or alignment. Among available graft materials, autologous bone graft is considered the gold standard and is the choice of most surgeons currently. However, the morbidity and complications of associated with autologous bone graft have prompted the development of bone graft substitutes as alternatives. [5] [6] [7] Ideally, a synthetic bone graft substitute should mimic the nature bone in macro/micro-structure, mechanical strength, bioactivity such as bone conduction and induction. Most importantly, At the nanostructural level, nature bone is comprised mainly of collagen fibers and nanocrystals of bone minerals, particularly hydroxyapatite (HA). 8 According to the principle of biomimetic strategy, an engineered HA-collagen nanocomposite (mineralized collagen, MC) has been developed. 9, 10 It is a novel bone substitute that has similar composition and hierarchical structure to natural bone. MC has a porous structure with porosity of 90% and pore size of 100-300 μm. The compressive strength of MC is about 3 MPa, which is comparable to human Background: In cases of severe subversion of the morphology of calcaneal fractures with trabecular defects, bone graft is often necessary to provide a mechanical buttress. the mineralized collagen (MC) is a novel bone substitute that is developed by biomimetic synthesis strategy that mimics the extracellular matrix (eCM) of natural bone in structure and chemical composition. It can avoid donor site morbidity and complications associated with harvesting autologous bone graft.
Objective: In this study, we conducted a retrospective matched-pair analysis to assess the clinical and radiological performances of MC as a bone graft substitute in intra-articular calcaneal fractures with trabecular defects.
Methods: 24 pairs of intra-articular calcaneal fractures with trabecular defects were treated with open reduction, internal fixation, and grafting either with MC or autograft. patient demographics, medical history, and Ct fracture classification were matched. Fractures were monitored 6 weeks, 12 weeks, 6 months, and 1 year postoperatively for healing and postoperative complications and results were analyzed.
Results: All patients had follow-up at a minimum of 12 months after surgery with a mean follow-up time of 17 months. All fractures were healed; there were no significant differences in the meantime to union and clinical between the two groups. the radiographic evaluation confirmed that a significant improvement in the mean Böhler's angle, Gissane's angle and the calcaneus height was observed in all patients in both treatment groups. A total of 29% (7/24) of patients suffered from harvest-site morbidity at 12 months in the autograft group. In contrast, all patients were free from postoperative local complications in the iliac region and no patient developed adverse reactions attributable to MC in the MC group.
Conclusion: these results justify and favor the use of MC as a good autograft alternative in displaced intra-articular calcaneal fractures with trabecular defects.
cancellous bone. Previous in vivo preclinical and clinical trials have shown MC is a safe and promising substitute for autologous iliac crest bone graft. [10] [11] [12] It has now been approved by the China Food and Drug Administration as a class III medical device.
The purpose of the present study was to assess the efficacy of MC as a bone graft substitute compared with the use of autologous iliac crest bone graft for treating displaced intraarticular calcaneal fractures.
Results

Patient disposition
According to the inclusion and exclusion criteria, we performed 1:1 matching on the basis of age (within 3 y), sex, and fracture classification. 13, 14 Finally, we matched 24 pairs of patients. There were 32 men and 16 women, with a mean age of 46 y. Follow-up time frame was ranged from 12 to 24 mo with mean follow-up at 17 mo. The injuries of mechanism were falls (n = 26) or motor vehicle accidents (n = 22). According to the Sanders classification, there were 12 type II, 20 type III, and 16 type IV fractures. ORIF was performed at a mean of 7 d after injury (range, 5-17 d).
Radiographic outcomes
The radiographic evaluation confirmed that all the fractures were healed without secondary loss of reduction. 15 Preoperative lateral X-ray film showed intra-articular calcaneal fracture (Fig. 1A) . At 6 mo postoperatively, the MC group lateral X-ray film showed satisfactory healing and clinical union (Fig. 1B) . The mean time to union in autograft group was shorter than MC group (7.9 vs. 8.3 wk), but this finding was not statistically significant (P > 0.05). At 6 mo and 12 mo postoperatively, there were no statistically significant difference that existed in the radiological assessment between the two groups P > 0.05 ( Table 1) .
In the MC group, postoperative CT scan imaging was available for review on 8 patients. Preoperative three-dimensional CT image showed the fracture configuration ( Fig. 2A) .At 6 mo postoperatively, CT imaging demonstrated the radiolucent zones between implanted MC and the surrounding bone immediately postoperatively, which gradually disappeared, all areas of implanted MC exhibited intensity that was similar to the surrounding of the cancellous bone, with evidence of graft incorporation (Fig. 2B) . At 1 y follow-up all 8 patients demonstrated radiological bone healing and the MC graft was completely replaced by new formed bone.
Clinical outcomes
The mean duration of surgery in autograft group was significantly longer, 106 min (range, 70-120 min) compared with 80 min (range, 50-100 min) in the MC group (P > 0.05). In the autograft group, patients had total score of the Maryland foot averaged 86 ± 10 points at 12 mo postoperative follow-up. This translated to a functional result rating 10 excellent cases, 10 good cases, and 4 fair cases. In comparison, the averaged total score of the Maryland foot in MC group was 90 ± 12 points with 9 excellent cases, 12 good cases, and 3 fair cases. The clinical outcome was not significantly different between the two groups (P > 0.05). At final follow-up, 16 patients reported pain with ambulation, 10 patients exhibited ankle swelling > 1 cm compared with the uninjured foot.
Postoperative complications Postoperative complications included: three patients developed a secondary wound infection successfully treated with debridements and intravenous antibiotics; four patients experienced delayed wound healing. None of the patients developed material rejection, wound necrosis, or osteonecrosis.
A total of 29% (7/24) of patients suffered from harvest-site morbidity at 12 mo postoperatively in the autograft group, including three patients reported donor site pain, and four patients were dissatisfied with the aesthetics of the iliac crest incision. In contrast, all patients were free from postoperative local complications in the iliac region and no patient developed adverse reactions attributable to MC in the MC group.
Discussion
Bone graft is necessary to achieve a successful reconstruction for the treatment of intra-articular calcaneal fractures with trabecular defects. Autologous bone harvested from iliac crest bone graft has been considered as the gold standard in calcaneal trauma surgery for a long time. However, because of lack of enough amount of autologous bone and related local complications, and the risk of disease transmission with allograft, there has been sustained interest in developing alternative synthesis artificial bone graft materials to fill osseous defects. [16] [17] [18] Natural bone has good biocompatibility, structure compatibility, and excellent biomechanical strength. It is considered as an assemblage of hierarchical building blocks, elegantly designed with HA and collagen in nanodimensions. Therefore, processing the scaffolding system that mimic the natural bone mainly in terms of structure and chemical composition, is a very important part for the success of bone tissue engineering. [19] [20] [21] According to the principle of biomimetic strategy, a new bone-resembling composite was developed: mineralized collagen (MC), which has nanostructural and compositional similarity with natural bone tissue. This composite not only possesses high porosity to approximately 90% with pore sizes ranging from 100-300 μm, but also has necessary mechanical strength to support the space. In turn, the cells can undergo proliferation, migration, and differentiation to specific tissue as they would have naturally. Extensive vitro and animal studies have that demonstrated MC has excellent biocompatibility, biodegradability, high osteoconducitive activity, and promotes bone repair and regeneration. [10] [11] [12] Recently MC has been evaluated in spinal fusion. In a series of 91 patients who underwent two-or three-level ACDF with rigid anterior plate fixation with either autologous or MC, the results demonstrated 95.7% fusion rate for MC with results comparable to those with autologous bone which was 100%. 10 Perioperative measures indicated that the operative time and blood loss were significantly less in MC group than in autograft group. There were no differences in postoperative clinical results between the studies groups, however, 29% suffered from harvest-site morbidity in autograft group at 12 mo. The patients in our study were under continuous radiographic observation throughout the evaluation period, specifically compared Böhler's angle, Gissane's angle and calcaneus height obtained immediately postoperatively and those obtained after fracture healing as well as 1 y after surgery. In follow-up, there was no significant difference between the two treatment groups in resorted radiographic anatomy parameters. Finally, there were no adverse events directly attributable to the use of MC.
Rapid vascularization of bone graft materials is an important process for prompt and long-term successful osteogenesis. 22, 23 In the previous study by Liao et al., the new bone-like tissue was found to grow into the implanted nHAC/PLA early in the 2 wk after surgery when this composite was implanted in a rabbit posterolateral spinal fusion model. The authors suggested that the high biocompatibility and similarity to natural bone made this synthetic mineralized collagen composite (MC) and autogenous bone material reaction positive. 24, 25 In our study, the mean time to union in autograft group was shorter than MC group (7.9 vs. 8.3 wk), but this finding was not statistically significant (P > 0.05). Meanwhile, CT imaging demonstrated that the MC integrates surrounding cancellous bone within six to 12 mo; with evidence of radiological bone healing and MC graft completely reaplaced by new formed bone at 1 y follow-up.
Porosity is an important factor that influences the speed of degradability, high-porosity materials have a high speed of degradability. 26 The MC used in the current study is characterized by a homogeneous porosity of 90%, with spherical pores of 100-300 μm in diameter and the pores are well interconnected with each other and open into the outer surface. This macroporosity similar to that of spongious bone is beneficial to facilitate the growth of vasculature into the material and provide an ideal environment for bone formation.
Ideally a bone graft substitute should provide the combination of osteoinductive, osteoconductive and osteogenetic properties. MC has a limitation as a graft material in which it acts purely as an osteoconductive scaffold and contains neither osteogenic cell nor osteoinductive factor. Hence, we have conducted a series of animal experiments using MC in combination with adjuvant osteoinductive materials (P24) to make up for its limitation. The published preliminarily results are encouraging.
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Patient and Methods
Materials
MC is prepared in two main steps. 9, 10 First, mineralized type I collagen fibrils were synthesized by self-assembly of collagen triple helices and hydroxyapatite (HA). During the biomineralization process, HA crystals nucleate and grow within collagen helices and such nucleation and growth are regulated by collagen fibers. Second, the mineralized type I collagen fibrils were mixed with polylactic acid solution and then MC was obtained after thorough freeze-drying. The product was cut into small granules and sterilized by irradiation of 60 Co before clinical use. Surgical technique Surgical exposure was gained via the extended lateral approach. The skin incision is L-shaped over the lateral aspect of the heel with the horizontal arm and vertical arm continued approximately at the mid-point between the tip of the lateral malleolus and the sole. The incision goes straight down to the bone and a full thickness flap is developed. The peroneal sheath is minimally opened, just sufficient to detach it from the bone and retracted. The posterior facet and the angle of Gissane were meticulously restored and K wires were used for provisional stabilization. After reduction, a bony defect was present beneath the reduced posterior facet. Depending on the group, the bony defect was filled with MC or autograft. Afterward, the osteosynthesis with a standard AO, a calcaneal plate was performed (Fig. 3) . For the purpose of autologous grafting, the autograft was obtained from the anterior iliac crest. After reduction final checking with C-Arm fluoroscopy, the wound was closed over a drain without tension.
Radiographic and clinical assessment
A standard X-rays and CT (CT) scan was conducted preoperatively, immediately post-operatively and then at 3 wk, 12 wk, 6 mo and 1 y postoperatively on all calcaneus fractures. Three radiographical parameters were compared between the two groups: Gissane's angle, Böhler's angle, and the calcaneal height using the lateral view. For MC group, CT was reviewed to evaluate the presence of graft incorporation, and new bone regeneration within the defect. The fractures were classified according to the classification systems proposed by Sanders and Zwipp using preoperative CT images. 13, 14 Clinical follow-up was performed by our research group at 3 wk, 12 wk, 6 mo and 1 y postoperatively, using the Maryland foot score. According to Sanders R et al., the total score on this scale is interpreted as follows: excellent, 90 to 100 points; good, 75 to 89 points; fair, 50 to 74 points; failure, less than 50 points. 15 
Statistical analysis
Distributions of variables were given as the mean and the standard deviation. The Student t test was used to assess the difference of continuous measures between the groups. The Fisher exact test was used for dichotomous data analysis. The level of significance was set at P < 0.05.
Conclusions
This study demonstrated promising result regarding the efficacy of MC as an extender in displaced intra-articular calcaneal fractures with successful healing rate and clinical scores equivalent to those of autograft graft. MC may be a good autograft alternative in displaced intra-articular calcaneal fractures with trabecular defects.
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